The main aim of this paper is to investigate, by means of comparison of experimental studies and mathematical models, the evolution of porosity as consequence of pressing, sintering and ECAPping an aluminium based powder (6xxx). After applying the compacting pressure, specimens were dewaxed in a ventilated furnace at 400
Introduction
Powder Metallurgy (PM) represents a (relatively) innovative application for the manufacturing of components with increased performances and improved tolerances. A challenge for PM, mainly in the aluminium industry, is however to compete with other technologies. Among them, severe plastic deformation (SPD) shows several potentionalities, mainly dealing with wrought aluminium alloys. Some procedures are rather popular in the SPD processing of wrought aluminium alloys, such as high-pressure torsion (HPT), equal channel angular rolling (ECAR) and equal channel angular pressing (ECAP).
High-pressure torsion (HPT) produces specimens in the form of a thin disk which is subject to a very high pressure and concurrent torsional straining. Several results suggest that HPT should be a very valuable processing tool [1] [2] [3] . On the other hand, the main disadvantage of this technique is that very small samples can be obtained and the determination of the precise strain is difficult as well.
During the ECAR processing, samples are being carried through the groove of working rollers. The process uses friction between rollers to push the sample through a die. The effect of ECAR on the structure and on the material properties has been examined in few studies [4, 5] , whereas it is possible to find works related to the numerical and mathematical simulation [6, 7] .
In ECAP [8] , a sample, in the form of a bar or rod, is machined to fit within a channel inside a die, where the channel is machined so that it bends through a sharp angle within the die where this angle is generally equal to, or very close to, 90
• . In addition [9] it has many unique features such as large strains, high strain rates, no change of shapes, and minimal load requirements.
Processing an alloy by ECAP in the absence of ageing leads to high strength but negligible uniform strain and no significant strain hardening, whereas processing by ECAP followed by ageing gives also high strength, a region of uniform strain and an overall ductility which is comparable to, and even slightly exceeds, the ductility in the solution-treated and aged condition [8] [9] [10] [11] .
Single and multiple ECAP passes have been used to process aluminium alloys [12] [13] [14] [15] [16] [17] [18] [19] [20] . It is important to note that more than 70% of the enhancement in strength levels and hardness values are achieved in aluminum alloys after a single ECAP pass [20] . Moreover, the optimum strength and microstructures are achieved the most readily when a high strain is imposed in a single processing operation rather than by introducing the same cumulative strain through several small strain increments [21] . However, in terms of PM, the presence of porosity after ECAP remains a common problem, significantly influencing the quality and the mechanical properties of the specimens. Only few authors have deepened this field of research [22] [23] [24] [25] .
Experimental conditions
A commercial ready-to-press aluminium based powders (ECKA Alumix 321) was used as material to be investigated. The formulation of the tested alloy is presented in Table 1 (wt. %). Specimens were obtained using a 2000 kN hydraulic press, applying different pressures. Unnotched impact energy specimens 55×10×10 mm 3 (ISO 5754) were prepared at two different pressing pressures 400 and 600 MPa. The green compacts were weighed with an accuracy of ±0.001 g. The dimensions were measured with a micrometer calliper (±0.01 mm). Specimens were dewaxed in a ventilated furnace (Nabertherm) at 400
• C for 60 min. Sintering was carried out in a vacuum furnace (TAV) at 610
• C for 30 min, with an applied cooling rate of 6
• C/s. The ECAP was realized by hydraulic equipment at room temperature, which makes it possible to produce the maximum force of 1 MN. The die channel angle was 90
• and channels of diameter 10 mm in the cross section. The specimens were ECAPed for 1 pass.
The samples for microstructure evaluation were taken from locations in the centre of specimen along the length. The microstructural characterization was carried out on unetched specimens using an optical microscope LEICA MPEF4 equipped with an image analyzer and SEM Jeol 7000F. Characterization was carried out at 100× on the minimum 5 different image fields for specimens prepared by press-and-sinter and 500× for ECAPed specimens; this way, pores were recorded and processed by Leica Qwin image analysis system. Quantitative image analysis of investigated material treats pores as isolated plane two-dimensional objects in solid surroundings. In order to describe the dimensional and morphological porosity characteristics, the dimensional characteristic D circle (representing the diameter of the equivalent circle showing the same area as the metallographic cross-section of the pore) and aspect ratio A (representing the ratio between major axis and minor axis of ellipse equivalent to pore; according to [26] , the aspect ratio considers the stress and strain situation in the workpiece during ECAP) as well as the morphological characteristics f shape and f circle were processed. The description of the parameters is reported in [27, 28] . From the fracture mechanical point of view, the size and the internal notch effect of the pores must be decisive for the material performance. It comes to this that the small nanopores are rounder and their lower notch effect is less harmful for the mechanical behaviour. Considering this statement, only pores large up to 1 µm were investigated, given their potential acting as fracture initiation sites. For this reason all smaller pores were excluded from further investigation.
Equation (1) was used for evaluating the total porosity of the studied material:
where P -total porosity,
]. The density of the green compacts was determined from weight and dimensional measurements, which were accurate as ±0.001 g and ±0.001 mm, respectively. The apparent density was calculated determinate using Hall apparatus according to standard MPIF 04. Theoretical density of compact was calculated according to equation (2):
where w i -the weight percentages of elements and additives, ρ i -the specific weight of elements and additives. The method of least squares was used for fitting a function to a set of microstructural characterization points from experimental data by Matlab.
Results
The unetched microstructures of the studied aluminium alloy are presented in Fig. 1 to Fig. 3 . Fig. 1a (400 MPa) and Fig. 1b (600 MPa) show the OM microstructure of the pressed and sintered aluminium alloy. Fig. 2a, b to Fig. 3a, b show the microstructures obtained by OM and SEM, of specimens after a single ECAP pass. It can be seen that the specimens, in this case, show a more refined and elongated grain structure compared to the pressed-and-sintered specimens. A relatively high presence of pores (mix of primary, secondary and residual porosity [25] ), as well as an excessive amount of residual porosity at grain boundaries, were observed after sintering. ECAP can be sufficient to achieve a good densification. The presence of adsorbed and absorbed gases by the aluminium particles, as well as water vapour present during sintering, would increase the size of the compacts and therefore reduce the sintered density, due to the volume expansion. As it has been reported in [24, 29] , FEM analyses of samples after ECAP show that the porosity is located in particular in the bottom region of the workpiece, close to the outer corner of the die. The interaction of severe shear and surface oxides, which are unbreakable both during pressing and sintering and in the following severe plastic deformation, is therefore present in the component. Fig. 1. a) The microstructure of studied aluminium alloy, pressed at 400 MPa and sintered; b) The microstructure of studied aluminium alloy, pressed at 600 MPa and sintered Fig. 2. a) The microstructure of studied aluminium alloy, pressed at 400 MPa, sintered and ECAPed, OM; b) The microstructure of studied aluminium alloy, pressed at 600 MPa, sintered and ECAPed, OM Fig. 3. a) The microstructure of studied aluminium alloy, pressed at 400 MPa, sintered and ECAPed, SEM; b) The microstructure of studied aluminium alloy, pressed at 600 MPa, sintered and ECAPed, SEM Table 2 shows that the decrease of parameter D circle in both pressure conditions is consistent. It is well-known that ECAP decreases the porosity content due to SPD condition and it is also able to align particles. The parameter A decreases too for both conditions from 2.24 to 1.88 and from 2.21 to 1.82, in case of pressing at 400 MPa and at 600 MPa respectively.
Discussion
The high levels of both compressive and tensile stresses produced in specimen during the ECAP process, combined with the high localized shear strains, may be sufficient to promote high rates of pore reduction/elimination and pore/void nucleation. The applied mean stress, known as the hydrostatic stress, induces new plasticity-driven densification mechanisms, as well as a stress-assisted diffusion mechanism [30, 31] . The grain refinement during ECAP is due to increase in the density of triple junctions that can act as preferred sites for nanopores/voids nucleation (strain-induced porosity) [21, 25] . ECAP creates a structure characterized by some nanoporosity occurring in the areas of triple junctions. Such pores are different from those typical of PM materials (micropores), which are deriving from the compaction and/or the sintering steps. In case of ECAP, nanopores are formed during severe deformation.
Through the proposition of a so called "safety line" [26] , the effect of pores as a potential fracture initiation sites (with respect to the mechanical viewpoint) was taken into account and analysed, mainly on the base on fractographic interpretation and microstructure identification of weak sites in studied aluminium PM alloys. However, the interpretation of the fracture/microstructure overview of the porosity phenomena as a potential fracture initiation sites is still open, owing to be no direct experimental confirmation of the operation of these processes [26] . Critical to further advances in this topic, will be the systematic study of the influence of important variables such as strain hardening, localized shear, grain boundaries, triple junction, second phases and other.
One of the possibilities for the evaluation of the critical pore size is a mathematical description.
It can be seen that during the ECAP process pores become closed and separated.
A two-stage method, based on local polynomial fitting for a non-linear regression model of porosity behaviour, was used (Eqs. 3 and 4) corresponding to Figs. 4a and 4b, respectively. It is possible to quantify the pore size dimension representing the critical pore size. It is well-known that the porosity in the sintered materials controls fracture and is responsible for its early onset [32] . As sintered materials generally contain relatively large volume of coarse pores, localised internal necking is able to start at relatively low plastic strains. The large pores lead to high stress concentrations, thus accelerating the spread of fracture.
The basic assumption for the proposed model presented in this paper is that cracks start at the largest pore in the stressed volume; this means that the size of the largest pore must be estimated. Pores, present within the dash line, do not necessarily mean a loss of mechanical properties. Moreover, in specimens processed by ECAP, the mean stress is responsible for the radial growth rate of pores and for equivalent stress, which correlates more closely with changes in pore shape and has a stronger effect on the elliptic pores. The shear component of the applied stress causes particle rearrangement and the collapse of large pores. The particle rearrangement and macroscopic deformation of pores increase the number of particle contacts, meaning a better overall bonding in the component. To investigate the connection between porosity and strength, the size of the largest pore has thus to be modelled in future works. Then, by treating the pore as a sufficiently sharp notch, a fracture mechanics model must be used to link pore size to the strength of the material.
Conclusion
The following conclusions may be derived: 1. ECAP decreases the porosity content and the diameter of pores due to severe plastic deformation and also decreases the aspect ratio by the particles alignement.
2. Basing on the mathematical description of porosity, it is possible to quantify when the pore size represents a critical value.
